Abstract: An effective adsorbent for removal of Pb(II) in aqueous solution was synthesized by reaction of nanoscale zero-valent iron (NZVI) and 3-aminopropyltriethoxysilane (APS). The material was characterized using transmission electron microscopy (TEM), infrared spectroscopy (IR) and a thermogravimetric analyzer (TGA). The amino-coated NZVI rapidly removed Pb(II) from aqueous solution and was easily separated by an external magnetic field. The Freundlich equation was used for investigating the adsorption process of APS-NZVI. Compared to untreated NZVI, the APS-coated NZVI exhibited stronger adsorption affinity and better adsorption performance. Therefore, APS-NZVI may be a suitable material for heavy metal remediation and has potential industrial applications.
Introduction
The removal of heavy metals, such as mercury, lead, zinc and arsenic, from natural water has attracted considerable attention because of their adverse effects on environmental and human health. Treatment of contaminated water to remove soluble heavy metals has been and continues to be a technical challenge due to very low concentrations established by current regulations [1, 2] . The U.S. EPA action level for Pb(II) is 0.015 mg L -1 . Additionally, the EPA has set a Maximum Contaminant Level Goal for Pb(II) of 0 mg L -1 . The main anthropogenic pathway through which Pb(II) enters water bodies is via corrosion of household plumbing and natural erosion of mines and soil [3] . Under normal circumstances, trace amounts of known contaminants do not pose a health risk. However, the release of accumulated contaminants in concentrated amounts could result in high levels at the taps of consumers. Methods like ion exchange, solvent extraction, reverse osmosis, precipitation and adsorption are available for removal of contaminants from water and wastewater [4] [5] [6] [7] . Among all these methods, adsorption is shown to be economically favorable and technically easy. The removal of a heavy metal adsorbent from solution with use of magnetic materials is more selective and efficient due to its unique physical properties. Recently, zero-valent iron (ZVI) has become one of the most common adsorbents for the rapid removal of heavy metals [8, 9] . Much of this research originally focused on the remediation of chlorinated hydrocarbons in aqueous streams [10, 11] . Significantly, the reactivity of ZVI has recently been improved by the development of smaller sized, zero-valent iron, i.e., nanoscale zero-valent iron (NZVI) [12, 13] . The application of NZVI to remove varieties of pollutants has been demonstrated with chlorinated hydrocarbons and heavy metals. However, NZVI is not stable in air and it aggregates, limiting its application [14] . In this research, zero-valent iron nanoparticles were functionalized with 3-aminopropyltriethoxysilane (APS) to create a novel dispersible adsorbent that can be collected magnetically, while exhibiting anti-oxidation properties and a high adsorption capacity for Pb 2+ in aqueous solution. APS is a non-poisonous agent widely used in chemical industry production. APS-functional NZVI demonstrated a higher adsorption capacity and a shorter equilibrium time for removal of Pb 2+ in water. The research provided a high adsorption capacity magnetic material for removal Pb 2+ in water and other corresponding applications in water treatment.
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Experimental Procedures

Reagents and apparatus
All chemicals employed in this work were of pure analytical grade and solutions were prepared with distilled water. Lead solutions of different concentrations were made by dilution of 1000 mg L -1 stock solution prepared from analytical grade Pb(NO 3 ) 2 .
2,5-dimercapto-1,3,4-thiadiazole (DMTD) (Aldrich) was dissolved in de-ionized water. 3-aminopropyltriethoxysilane (96%) was used as received without further purification. DMTD was added to the aqueous solution containing Pb(II) to produce a highly absorbing greenish-yellow chelated product that was analyzed by direct measurement of the absorbance at 375 nm using a UV-visible spectrophotometer (Shanghai) [15] . The FTIR spectra of KBr pellets of of NZVI and amino-NZVI were obtained with a Nicolet Magna IR750 at a resolution of 4 cm -
1
. Weight loss measurement was conducted in a TA SDTQ600 thermogravimetric analyzer under a nitrogen atmosphere from 50 o C to 450 o C at a heating rate of 10 o C min -1 . Transmission electron miscrosopic (TEM) and scanning electron microscopic (SEM) investigations were performed with Hitachi H-7500 and Hitachi S-3000N instruments, respectively.
Preparation of the adsorbents
The zero-valent iron nanoparticles were prepared by a microemulsion method according to the literature [16] . Briefly, cetyltrimethyl ammonium bromide (CTAB), selected as a surfactant, 1-butanol as a co-surfactant, and n-octane as the oil phase, were mixed together. A solution of 0.1 mol L -1 FeCl 3 •6H 2 O was added to the mixture. After stirring completely, a transparent yellow solution was obtained and 0.23 g KBH 4 (solid) was added into this solution. The reduction reaction made the solution turbid with gas production, and a black colored solid dispersed in the solution. After the gas evolution ceased, approximately 4% (m/v) of APS was added drop wise into the solution for 20 min. The solution was centrifuged at 5000 rpm for 15 min to separate the black particles. The route of synthesis is illustrated in Fig. 1 . 
Batch adsorption experiments
Adsorption tests were performed by a batch technique at room temperature. Known amounts of adsorbents were placed in a flask containing 50 mL of a lead solution of known concentration and neutral pH. The resulting mixture was mixed continuously for a given time period to reach equilibrium. The suspension was separated using a magnet and the concentration of Pb 2+ in solution was determined by a UV-visible spectrophotometer.
Results and discussions
The functional group of the ligand on the zero-valent iron surface was an -OH group under the conditions of the reaction. After addition of APS, the -OH functional groups on the surface of the zero-valent iron reacted with APS to form a complex. Detailed surface characterization of APS-NZVI is presented in Fig. 2b . Successful surface modification with NZVI was verified with infrared spectroscopic analysis of the material as shown in Fig. 2a . In the FTIR spectrum, -NH 2 stretches were indicated at 3400 cm -1 , and -Si-O-Si-stretches were located at 1300 cm -1 , which were typical absorption peaks assigned to APS. The thermal behavior of the APS-NZVI sample was studied by coupled DTA and TGA (Fig. 3) . Results showed only one endothermic peak. The weight loss (18.1%) at 145.6 o C was due to decomposition of APS. Fig. 4 illustrates the TEM images of (a) as-prepared NZVI and (b) APS-NZVI. The data demonstrated that NZVI was successfully functioned by amino groups and that the average diameter of the APS-NZVI particle was 40 nm.
Preliminary experiments, performed up to 3 h under constant stirring, demonstrated that equilibrium was reached after 2 h. As shown in Fig. 5 , the amount of lead adsorbed reached equilibrium at about 1 h with the increase concentration of lead in aqueous solution. Effects of adsorption capacity on lead in aqueous solution were first examined by comparing NZVI and APS-NZVI under the same conditions (Fig. 5) . Yao et al. reported that lead(II) could react with N (amido) groups to form a stable complex. The 207 Pb NMR spectrum revealed that the coordinate metal centers in such complexes benefited from intramolecular N-Pb donor-acceptor bonds. The amino-modified NZVI particles displayed shorter equilibrium time and better adsorption performance than non-functionalized NZVI.
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Adsorption kinetics
The Freundlich isotherm equation is widely used as empirical equation for study of adsorption. The equation is derived by assuming a heterogenous surface with a nonuniform distribution of adsorption heat over the surface [6] . The linearized form of the Freundlich model is given as follows:
where q e is the amount adsorbed at equilibrium, C e is the equilibrium concentration of Pb(II) in solution, and 1/n and K f are constants for a given adsorbate-adsorbent system, K f indicates adsorption capacity, while 1/n is a determinant of the adsorption affinity. A plot of ln q e versus ln C e yields the values of 1/n and K f . As shown in Fig. 7 , the adsorption isotherms of NZVI and APS-NZVI were well-fitted with the Freundlich isotherm equation with the correlation coefficients of 0.9935 and 0.9933, respectively. The value of the slope (1/n) for NZVI and APS-NZVI were 0.515 and 0.855, respectively, which revealed that APS-NZVI had a stronger adsorption affinity than NZVI. The K f values for two systems were 1.505 and 0.995, respectively, which indicated that APS-NZVI had a higher adsorption capacity. The results indicated that the magnetic adsorbent possessed high capacities necessary for remediation of Pb-contaminated water. The mass of adsorbent was an important parameter in the removal experiment because the apparent rate constants of reaction were found to be directly proportional to the amount until, at a certain value, a plateau was reached. As shown in Fig. 6 , the removal of lead increased rapidly (90%) until an adsorbent dose of 0.9 g per 50 mL was reached, and increased moderately beyond that value. The addition of more adsorbent increased the number of adsorbent sites; therefore, more ions were able to attach to the adsorbent.
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Conclusions
This study focused on the adsorption performance of Pb(II) ions on amino-functioned zero-valent iron nanoparticles from aqueous solution. The amino-coated nanoparticles were obtained via surface modification with 3-aminopropyltriethyloxysliane, and were characterized with FTIR, TG-DTG, SEM and TEM. The amino functionality coated on the surface of NZVI effectively prevents it from oxidation in solution.
The adsorbent was easily separated with an external magnetic field. The adsorption experiment demonstrated that the APS-coated NZVI reached equilibrium in a shorter time than the NZVI particles. The Freundlich equation yielded a good fit to the experimental data and was applied to demonstrate the adsorption affinity and capacity between APS-NZVI and Pb(II) in the solution.
The experimental results showed that APS-NZVI had better adsorption performance than NZVI; therefore, the APS-coated NZVI was more effective and suitable for removing Pb(II) from water. 
